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The 165-amino acid form of vascular endothelial 
growth factor (VEGF 1M ) is a mitogen for vascular endo- 
thelial cells and a potent angiogenic factor. Expression 
of a chimeric receptor containing the extracellular do- 
main of the flk- 1 receptor fused to the transmembrane 
and intracellular domains of the human c-fms receptor 
in NIH-3T3 ceils, resulted in the appearance of high af- 
finity binding sites for 1M I-VEGF l8ff on transfected cells. 
The binding of I3a I-VEGF iaa to the flk-ltfma chimeric re- 
ceptor of the transfected cells as well as the VEGF lfl6 * 
induced autophosphorylation of the chimeric receptors 
were inhibited in the presence of low concentrations of 
heparin (1-10 ug/ml). In contrast, similar concentrations 
of heparin potentiated the binding of L2a I-VEGF l6a to the 
endogenous VEGF receptors of the transfected cells, in- 
dicating that to some extent, the effect of heparin on 
1M I-VEGF lfl3 binding is receptor type-dependenti 

A soluble fusion protein containing the extracellular 
domain of flk-1 fused to alkaline phosphatase {flk-V 
SEAP) was used to study the effects of heparin on the 
binding of 12S I-VEGF 1M to flk-1 in a cell-free environ- 
ment. The fusion protein specifically inhibited VEGF iaa - 
induced proliferation of vascular endothelial cells, but 
bound l3S I-VEGF LM inefficiently in the absence of hepa- 
rin. Addition of low concentrations of heparin or hepa- 
ran sulfate (0.1-1 ug/ml) resulted in a strong potentia- 
tion of I3a I-VEGF lM binding, whereas higher heparin or 
heparan sulfate concentrations inhibited the binding. 
The effect of heparin on the binding of lM I-VEGF 1M to 
flk-l/SOAP could not be mimicked by desulfated heparin 
or by chondroitin sulfate. Both bFGF and aFGF inhib- 
ited the binding when low concentrations of heparin 
were added to the binding reaction. However, higher 
concentrations of heparin abolished the inhibition, in- 
dicating that the inhibition is probably caused by com- 
petition for available heparin. Taken as a whole, these 
results indicate that heparin-like molecules regulate the 
binding of VEGF I8a to its receptors in complex ways 
which depend on t the heparin binding properties of 
VEGF 1W> on the specific VEGF receptor type involved, 
and on the amount and composition of heparin-like mol- 
ecules that are present on the cell surface of VEGF re- 
ceptor containing cells. 
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Vascular endothelial growth factor (VEGF) 1 is a secreted 
hep arm-binding glycoprotein that displays some structural ho- 
mology with PDGF Five form3 of human VEGF mRNA encod- 
ing VEGF proteins of 121, 145, 165, 189,' and 206 amino acids 
are produced from a single gene as a result of alternative splic- 
ing (1, 2). The beat characterized VEGF species is the 165- 
amino acid long form (VEGF i65 ). The active form of VEGF 1M is 
a homodimer of 47 kDa (1, 3) that induces angiogenesis and 
blood vessel permeabilization in vivo and displays a autogenic 
activity that seems to be restricted to vascular endothelial cells 
(1, 4—8). Several recent reports indicate that VEGF may play 
an important role in the process of tumor angiogenesis (9-11)."' 
VEGF lG5 binds to specific cell surface receptors which are found 
on vascular endothelial cells, and on several types of non-en- 
dothelial cells 3uch as NIH-3T3 cells and melanoma cells which 
do not seem to respond to VEGF 1M with a autogenic response 
(12-16). Cell surface-associated heparin-like 'molecules are re- ' 
quired for the interaction of VEGF ie5 with the three VEGF 
receptor types observed on vascular endothelial cells (15) and 
with the two receptor types present in WW94 melanoma cells 
(16). 

■ The protein encoded by the fit gene was recently reported, to 
be a VEGF receptor (17, 18), belonging to the PDGF receptor 
subfamily of the tyrosine kinase receptors (19). The flk-1 gene 
wa3 isolated from an embryonic liver-derived cell population 
enriched with primitive hematopoietic stem cells (20, 21) and 
encodes a tyrosine kinase receptor that is homologous to fit. 
The product of the flk-1 gene and the product of its human 
homologue KDR also bind VEGF and undergo autophosphory- 
lation in response to VEGF. However, it is not clear yet whether 
flk- 1 or fit can transduce a VEGF induced mitogenic signal (22, 
23). Both fit and flk-1 contain seven immunoglobulin- like loops 
in their extracellular domains, whereas other members of the 
PDGF receptor, family such as c-kit or c-fms contain only five 
immunoglobulin- like loops (20). 

We have expressed the flk-1 cDNA and a chimeric gene con- 
taining the extracellular domain of flk- 1 and the tyrosine ki- 
nase domain encoded by the c-/ms gene in NIH-3T3 cells, and 
we report that both the chimera and the native receptor en- 
coded by the flk-1 gene bind VEGF lS6 with high affinity. We 
show that heparin concentrations that inhibit the binding of 
l25 I-VEGF 16fi to the chimeric receptor, and the VEGF l65 - induced : . 
autophosphorylation of the chimeric receptor, potentiate the 
binding of VEGF 166 to endogenous receptors of NTH-3T3 cells. 
We also present evidence indicating that the binding of 

1 The abbreviations used are: VEGF, vascular endothelial growth fac- 
tor; VEGF lM , 165-amino acid form of vascular endothelial growth fac- . 
tor; aFGF, acidic fibroblast -growth factor; bFGF, basic fibroblast growth 
factor; BSA, bovine serum albumin; CSF-1, colony stimulating factor I; 
EGF. epidermal growth factor; PAGE, polyacrylarnide gel electrophore- 
sis; SEAP, secreted alkaline-phosphataae. 
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VEGF l55 to a soluble fusion protein containing the entire ex- 
tracellular domain of the flk-l receptor is strongly enhanced by 
heparin, but not by chondroitin sulfate or desulfated heparin. 

EXPERIMENTAL PROCEDURES 

Materials — Human recombinant VEGF l66 waa purified from the con- 
ditioned medium of Sf-9 insect cells infected with a b a cuJo virus -based 
expression vector for V"EGF l6A as described (24). The factor waa highly 
purified as determined by SDS-PAGE chromatography followed by sil- 
ver staining, using three purification steps, including hydrophobic chro- 
matography, cation-exchange chromatography, and heparin-Sepharose 
affinity chromatography. Recombinant human bFGF and aFGF were 
produced in bactena aa described (15). Recombinant PDGF-BB was 
kindly given by Dr. L Vlodavaky (Hadassah-Hebrew University Hospi- 
tal, Jerusalem). EGF was kindly given by Dr. Gospodarowicz (Chiron 
Inc.). The pMFG expression vector was kindly given by Dr. Richard 
Mulligan l Whitehead Institute for Biomedical research, Cambridge,. 
MA). Intestinal mucosa-derived heparin, and chondroitin sulfate" A' and 
C, were purchased from Sigma. Oversulfated and desulfated heparin 
were kindly given by Dr. Svahn [Kabi- Pharmacia Therapeutics, Stock- 
holm, Sweden). Rat liver-derived heparan-sulfate was kindly given by 
Dr. J. T. Gallagher (Christie Hospital, Manchester, United Kingdom). 
Suramin waa obtained from FBA. Heparin-Sepharose was purchased 
from Pharmacia. Na ni I was purchased from New England Nuclear. 
Tissue culture plasticware wag obtained from Nunc. Tissue culture 
media, aera, and cell culture supplements were from Beth-Haemek 
Biological Industries. Pre stained high molecular weight size markers 
were purchased from Bio-Rad. Disuccirumidyl suberate-was obtained 
from Pierce Chemical Co. Anti-alkaline phosphatase antibodies (A- 
018-01 antibody) were from Medix Biotech. The asiti-c-fms antibodies 
were produced against a C-terminal peptide (GDtAQPLLQPNNYQFC). 
CSF-l was purchased from Genzyme. All of the other chemicals were 
purchased from Sigma. 

Construction of, Expression Plasmids Encoding flk-l I ' SEA$ and flk- 
1 /c-fms Fusion Proteins — An antisense oligonucleotide (S'-GGCA- 
GATCTTTCCAAGTTGGTCTTTTC-3') fusing the last codon (under- 
lined) of the flk-l extracellular domain (20) to a Bgll site (bold) was used 
in conjunction with a sense flk-l oligonucleotide (position 1880 in the 
flk I sequence) ta amplify a small fusion fragment. Digestion of the 
fragment with Bgll and Earl (position 2452 in the flk-l sequence) and 
gel purification yielded a junction fragment. A 5' flk-l fragment was 
prepared by sequential amplification and joining of the flk-l sequences 
between positions 120 and 1739 from two plasmids followed by the 
addition of HindUl linkers. This fragment waa digested with HindUl 
and Sail (position 535 after the ATG codon) and get-purified. A fragment 
containing the bulk of the extracellular domain was purified following 
digestion with Sal I and Earl. All of the above fragments were simulta- 
neously Ligated with dephosphorylated HindUl- and Bgil-digzsted 
Aptag vector (25) and transformed into bacteria. 

An -oligonucleotide 5'-GGTGCCCaGCATCCGCCGGATGAGTTC- 
CTC-3' joining flk-l sequences to c-fms at a position six amino acids 
upstream of the c-fms transmembrane domain (26) was synthesized for 
the construction of the flk-llc-fms (the last ; flk-l amino acid is under- 
lined), and its complement waa used to amplify two fragments overlap- 
ping at the position of gene fusion. The oligonucleotides used were at 
positions 1880 of flk-l and 2032 of c-fms, respectively. Both of these 
fragments were mixed and re-amplified with the flk-l and c-fms oligo- 
nucleotides (1380 and 2032) to create the fusion fragment. The rest of 
the cDNA encoding the extracellular domain of flk- 1 was grafted to this 
fusion fragment as described for the creation of the flk- //SEAP encoding 
sequence. The sequence encoding the intracellular and transmembrane 
domains of c-fms wsls grafted to this fusion fragment in a similar man- 
ner. The DNA encoding the entire chimera was then subcloned into the' 
pMFG expression vector and expressed in NIH-3T3 cells. 

Purification of the flk-USEAP Fusion Protein— Ten liters of condi- 
tioned medium from flk-l/SKAP transfected NIH-3T3 cells were con- 
centrated 10-fold by tangential flow ultra- filtration on a 30-kDa cut-off 
membrane. Following concentration, the conditioned medium was clari- 
fied by filtration through a 0.2-u filter and then loaded onto a 15-ml 
monoclonal anti-SEAP-Sepharose column equilibrated previously with - 
0.1 m Tria-HCl, pH 7.6, 0.5 m NaCl, and 2 row EDTA. The sample was 
recirculated over, the column five times and then washed with 10 bed 
volumes of 0.2 m glycine HC1, pH 2.8, 0.5 m NaCl, and fractions were 
immediately neutralized with 2 m Tris base. Fractions containing puri- 
fied flk-l/SEAP were pooled, dialyzed into 0.0 L m phosphate-buffered 
saline, pH 7.2, and frozen at -20 °C. The punty of the flk-l/SEAP 



preparation waa >90% as determined by SDS-PAGE and N terminus 
sequencing. 

Ceil Culture— NIH-3T3 cells were grown in Dulbecco'a modified Ea- 
gle's medium supplemented with 10% fetal calf serum, 2 mw glutamine 
and antibiotics. Human umbilical vein-denved endothelial cells were 
maintained, and their proliferation in response to various growth fac- 
tors monitored, as described previously (3, 27). 

Binding and Crass-linking of s2£ l- VEGF l6S — lodination of human re- 
combinant VEGF, M was performed using the chlorarrune-T method, as 
described previously (12). The specific activity of the l2a I-VEGF (U was 
about 10 6 cpm/ng. lb cross-link I2a I-V~EGF 1B8 to the flk-l/SZAP fusion 
protein, ftk-USEAP (100 ng/ml) and m I-V~EGF t6S (10 ng/ml) were incu- 
bated at room temperature for 1 h in binding buffer containing 10 mw 
HEPES, 150 mM NaCl, and 20 ug/ml bovine serum albumin (BSA). The 
cross-linker (disuccinunidyl suberate) was then added to a final concen- 
tration of 0.2 mw for 15 min at room temperature, and the reaction waa 
stopped with 20 nut glycine. The binding and croas-linking of 125 I- 
V"EGF l66 tofVt-I and to flk-l/c-fms transfected and non transfected NIH- 
. 3T3 cells were performed, and cross-linked complexes visualized, as 
described previously (12, 15). 

VEGF I6S - induced Autopkosphorylation of the flk-l I c-fms Chimeric 
Receptor in Transfected NIH-3T3 Clone C4 Ce/is—Confluent cells in a 
IG-cm dish were transferred to aerum-free medium containing 0.05 mw 
sodium orth ova na date, and the cells were incubated: 4 more h in this 
medium at 37 °C. Subsequently, the medium was changed to aerum-free 
medium containing 0-1% BSA and growth factors were added to. the 
desired concentrations for 1-10 minutes. Following stimulation the me- 
dium was aspirated, and the cells were washed quickly with ice-cold 
Dulbecco's phosphate-buffered saline containing 1 dim sodium or- 
thovanadate. The cells were then lysed with ice-cold lysis buffer (10 mw 
Tris-HCl, pH 7.4, 1% Triton X-100, 50 mw NaCl, 30 mw sodium pyro- 
phosphate, 50 mM NaF, 2 mw sodium orthovanadate, 5 mw ZnCl I( 5 mw 
phenylmethyisulfonyl fluoride, 0.1 mg/ml aprotmin, and 0.1 mg/ml leu- 
peptin). Lysatas were transferred to chilled Eppendorf tubes and cen- 
trifuged 5 min at 12,000 xg at 4 °C. Supernatants from each lyaate were 
incubated with 5 pg of affinity- purified antibody directed against c-fms 
and protein A-Sepharose for 2 h at 4 "C with constant shaking. Beads 
were subsequently washed once with wash buffer A (10 mr* Tris-HCl, 
pH-8, 0.2% Tnton X-100, 150 mw NaCl, 2 mM EDTA, and 1 mw sodium, 
orthovanadate), once more with the same buffer containing 0.5 w NaCl, 
followed by two washes with 10 mw Tris-HCl pH-S. The beads were 
boiled in 2 x SDS buffer and the supernatant- separated on a 4-12% 
gradient SDS-PAGE gel. Proteins were transferred to nitrocellulose by 
electroblotting. Phosphoproteins on the nitrocellulose were detected us- 
ing an anti-phosphotyrosine antibody (Upstate Biotechnology, Inc.), and 
bound antibodies were visualized using the ECL system (Amersham). 

RESULTS 

The Receptor Encoded by the flk-l Gene BincU I2S I-VEGF 1SS 
with High Affinity—? nil-length flk-l cDNA waa subcloned into 
the molony murine leukemia virus long terminal repeat driven 
expression vector pMFG. This expression vector was stably 
co-transfected into both NIH-3T3 cells and baby hamster kid- 
ney-derived fibroblast (BHK-21 cells) (28). The presence of 
VEGF binding sites was examined in geneticin- resistant clones 
of cells using 12 *I-VEGF l6S binding (12). The transfection re- 
sulted in the appearance of clones which expressed low densi- 
ties (no more than 600 receptors/cell) of high affinity l35 I- 
VEGF l65 binding sites (not shown). We could not detect a 
mitogenic response to VEGF l65 in these cells nor could we de- 
tect VEGF 163 -induced autophosphoryiation. 

To try to overcome these problems we have expressed in 
NXH-3T3 cells a chimeric cDNA containing "the extracellular 
domain of flk-l fused to the transmembrane and intracellular 
domains of the CSF-l receptor {c-fms). Saturation binding ex- 
periments in which increasing concentrations of 122 I-VEGF 166 . 
were bound to NIH-3T3 clone C4 cells expressing the chimeric 
flk-l /c-fms receptors were analyzed by the method of Scatchard 
using the ligand program (29). These experiments revealed one 
class- of high affinity binding sites for l25 I-VT2GF 16fl with a dis- 
sociation constant of 1.9 x X0" u m. The density of these flk-Vc- 
fms receptors was 2300 receptors/cell (Fig. IB). 

Cross-linking experiments revealed a 125 I-VEGF 165 ~contain- 
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Fh;. I. Binding and crot!K-lin.kijig of I2 M-VEGF 1SS to fik-l/c-/7TW-produeing cells. A, expression of the flk-I/c/m.s- chimeric receptor in 
NtH«TTC cells, F/Jfc- 7 /c-//iw- pro during drums I and m J) and nonproduemg I lane 3) NIH-3T3 cells were grown to subennfluence in 6-crn dishes. The 
binding of '-''l-v'EG F 1(ir , iii ug/ml) to the ceils in the presence Uane 2) or absence Uaiw.s 1 and ,7} of 0.5 pg/ml of unlabeled VEGF,, iV und the 
subsequent cross-linking of boiuid- ,3S f-VEGF lllfl to the receptors were conducted as described under "Materials and Methods."' B. representative 
saturation binding experiment with . flk-l/c-/m.v expressing N1H-3T3 cells. Cells were grown to' .sub-confluence in 24-multiwell dishes ( IfiO.QQO 
cells/well L Increasing concentrations of ri<, I-VEGF. ranging from L0 pg/ml. to 10 iig/mh were bound to the cells Tor 2 h at 4 "C. Nonspecific binding 
was measured in the presence of 0 5 ug/ml unlabeled VEGF and the specific binding was calculated by the subtraction of the nonspecific binding 
from the total binding. At the end of the binding reaction, the cells wore washed three times with 1, ml of ice-cold Dulbecco's phosphate-buffered 
saline containing ! mg/ml BSA. The ceils were then solubilizcd with 0.5 ml of 0.2 * NaOH. AJiqunts were counted in a y-counter. Shown is a 
saturation curve in which the amount of apecificaUy bound '^I-VEGF,^ is plotted as a function- of added IJ,f, I-VEGF )r(5 concentrations and a 
Scntchard plot derived from the yaturation curve Un.vcM. 



ing complex of 210 kDa in -NIH-3T3. clone C4 cells which is not 
present, in the nontransfected. NIH-3T3 cells (Fig. L4, compare' 
lanes 1 and 3). The formation" of this complex was inhibited by 
an excess of unlabeled VEGF,,.. (Fig.- LA, lane 2 ). The chimeric 
receptor was autophosphorylax'ed in response to VEGF inr> in- a 
dose-dependent fashion -(Fig: 2}'. Because of the relatively high 
expression levels uf the flk-lia-fms chimeric receptor in NIH- 
3T3 clone C4 cells, and because VEGF^-induced signal trans- 
duction could be observed in these celts, we have chosen to use 
the NIH-3T3 clone C4 cells for further experiments 

The Effect of Heparin, an ike. Binding of ''^l-VEGF,,^ to Che 
Endogenous VEGF .Reveptnm and to flk- I I c-fms Chimeric Re- 
ceptors Expressed in NIH-3T3 Cells — In the absence of exog- 
enous heparin the endogenous VEGF receptors of the NIH-3T3 
cells < L51 are barely detectable (Fig. 3, lane I i. However, when 
low concentrations -of heparin (1 ug/ml) are included in the 
binding reaction, two 1 - s I -VEGF , S!i - receptor complexes can be 
detected (Fig. "3, lane 2 ). The binding of ,2r, I-VEGF |riJ , to these 
receptors is inhibited when 0.5 ug/ml of unlabeled VEGF ](in are 
added to the binding reaction (not shown i. In contrast, the 
binding of !j H-VEGF llifi to the flk-Ih-fms chimeric receptors 
expressed in transfected NIH-3T3- clone C4 cells- was readily, 
detectable, even in the absence of added heparin (Fig! LA and 
Fig. 3, lane 3 ). As expected, the endogenous receptors of the 
transfected ceils were not seen when the binding was done in 
the absence of heparin ( Fig. L4 and Fig. 3. lane 3 I. No signifi- 
cant effect- of heparin on ''"'l-VEGF^ binding. to the flk-Ifc-fms 
"chimeric receptors was observed when heparin concentrations, 
lower than 1 ug/ml were included in the binding reaction Lnot 
shown). When 1 ug/ml heparin was added to the binding reac- 
tion, the binding of i: *t-VEGF, li5 to the flk-lfc-fms chimeric 
receptor was significantly inhibited, whereas the binding of. 
. l -*l-VEGF Mifj . to the endogenous VEGF receptors of the trans- 
fected cells was potentiated (Fig. 3, lane 4). Similar concentra- 
tions, of heparin also inhibited partially the VEGF ]Jir) -induced 
■autophosphorylation. of the transfected flk-ffc-fnis chimeric rc : 
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Fic. 2. VEGF,^ induces autophosphorylation of nk-I/c-/m.f chi- 
meric receptors. NIH-3T3 clone C4 and NIH-3T3-/>nx cells were 
grown in 10-cm dishes and shifted to serum-free medium for 4 h before 
induction with growth factors us described under "Materials and Meth- 
ods.** The cells were stimulated for 8 mm with the indicated concentra- 
tions of VEGF li;; , or CSF-I. Following stimulation, the cells were 1 vised 
and the receptors immunoprccipitaCcd. with anti-c-fm.v antibodies as 
described under "Materials and Methods." fmmunoprecipitated mate- 
rial was chromatogrnphed on a SDS-PAGE gel. transferred to nitrocel- 
lulose, and tyrosine-phosphorylated proteins visualized as described 
under "Materials and Methods." 

ceptnrs, indicating that the heparin-induced inhibition of 
VEGF liy . binding to the transfected receptors is accompanied by. 
reduced receptor function (Fig. ,4). A higher concentration of 
heparin (10 L pg(mtt inhibited the binding of ,2S I-VEGF )fi5 to the 
endogenous and to the transfected VEGF receptors (Fig. 3, lane 
5): It therefore follows that in the presence of 1 u.g/ml heparin 
the binding of l '- 5 I-V"EGF, H ,, to one type of VEGF receptor is 
potentiated, whereas the binding of ''"'I-VSGF,^ to another 
class of VEGF receptors is inhibited, although both receptor 
types reside in the same cell. 

The Binding of '''l-VEGF m to a Soluble flk- U SEAP Fusion- 
Protein in a Cell' free Environment Is Potentiated by Heparin — 
NIH-3T3 cells, as well as most other cell types, contain cell 
surface-associated heparin-like molecules (30V Therefore the 
modulatory effect:; of exogenously added heparin-like mol- 
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Fir.. 3. The effect of heparin on the binding of '"I-VEGF,^ to 
the endogenous VEGF receptors and to the Elk-l/o/m.* chimeric 
receptors of N1H-3T3 clone C4 cells. '"t-VEGf (20 ng/ml"j was 
hound to parental NTH-TH cell ilan.es .! and 2 ). and a lower concentra- 
tion in ng/ml-) whs bound to flk- / /c -/>u.s -ex press i ng NIH-3T3 clone C-1.. 
cells (Lanes .l-o 'i. in the absence \ lanes I rind .7 ) or in the presence of 1 
' uy/nil (limes 2 and 4 / or LO .jjg/ml {lane. 5) heparin. The subsequent 
cross-linking of hound l - ;, fVEGF )(;fi to the receptors, and visualization of 
cross-linked complexes were dune as described under "Materials" and 
Methods:" Lanes I and 2 were autoradiocraphed for 9 days, and lanes 
3—5 were autoradiographed for 5 days. ' 
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Fie. 4. Inhibition of VEGF Ifl _-induced phosphorylation of flk- 
l/c-fms by heparin. NTH-3T3 clone' C4 cells wen; "grown in tO-crn 
,-dijihes and-shifted to serum-free' medium for 4' h before the experiment" 
as described under "Materials and Methods."* The cells were stimulated 
with VEGF,,., at 5 or 10 ng/ml for 8 min in the absence 'or presence of the 
indicated concentrations of heparin. Following stimulation, cells were 
lysed and the receptors immunoprecipitatcd with .anti-c-/ms antibodies 
as described under "Materials and Methods." I mniunoprecipitated ma- 
terial was chromatographed on a S.DS-PAGE <*et, transferred to nitro- 
cellulose, and tyrosine-phosphorvlated proteins were visualized as de- 
scribed under "Materials-and Methods." 

ecules on t2r 't- VEGF 1(i - binding are superimposed on the efTects 
of the endogenous cell surface-bound hepann-like molecules. To 
study the-interaction between'VEGF,,., and tho flk- 1 receptor in. - 
a controlled environment in which the composition of glyco- 
saminoglycans can be controlled precisely, we produced a 
soluble fusion protein consisting of the extracellular domain of 
flk- 1 fused to secreted human placental alkaline phosphatase 
(SEAP). The flk- //SEAP fusion protein was not retained on a 
heparin-Sepharose ^ column and specifically inhibited the 
. VEGF lfi - -induced, but not the basic fibroblast growth factor- 
induced, proliferation of human' umbilical vein-derived endo- 
thelial cells by more than 70%. {not shown). 

To study the binding of 125 1 -VEGF Uir , to the flk- 1 /SEAP fusion 
protein, ,ia I-VEGF ls5 was incubated with the fusion protein and 
bound '^'I-VEGF,^ was subsequently cross-! inked to the' 
soluble receptor. An excess of BSA was added to the binding 
reaction in order to Inhibit nonspecific binding. Labeled '""'-I- 
VEGF IB ,,-^-//SEAP complexes of 205 kDa could be detected 
following cross-linking, but the efficiency of complex formation 
in the absence of heparin was low (Fig. 5A and; Fig. SB, lanes I 
and 3). u "'I-V r EGF lt - ( , i -recep tor complexes could be seen under 
these conditions only after prolonged exposure ( not shown ). 
This heparin-.mdependent binding was more prominent when 
high concentrations of "'r'-I-VEGF llj; . (40 ng/ml) were used (not 
shown). The addition of 0.1 ug/ml of heparin to the binding 
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Fic. 5 ,rhe effect of various glycosaminogfycans on the bind- 
mgof IM r-VEGF 1H to the flk-l/SEAP fusion -protein. A f the effect of 
increasing concentrations of hepnnn on the binding of '-''[-VEGF ., u> 
■flk-l/SEAP. l '-' f, r-VEGF 11 . v ( 10 ng/mii was hound to soluble flk-l/SZAP 
1100 ng/ml ) in the presence of increasi ng concentrations of heparin as 
indicated. Binding was performed for I h at room temperature:. The 
subsequent cross-linking of hound '"'l-VEGF,,.^ to th^flk- //SEAP fusion 
protein and the visualization of cross-linked complexes were done as 
described under "Materials and Methuds." The labeling density of the 
-'t-VEGF,,^ -flk-l/SEAP complexes that were formed (see B) were de- 
termined using a cliniscaiv'2 densitometer, and plotted as a function , of 
heparin concentration. B. the effect of native and modified heparins and 
ofvarious glycosaminoglycans on the' binding of '"M-VEGF .to flk- 1/' 
SEAP. '- r, l-VEGF lfii , _( 10 ng/ml) was hound to soluble flk- / /SEAP. ! 100 
ng/ml) in the presence of the following additions: lamis I and .7, no 
additions; lanus 2 and "4, 0. 1 ug/ml heparin: lane 5, 0. 1 ug/ml chondroitin 
sulfate A, lane 6, 0:1 ug/ml chondroitin sulfate G; lane 7, 0.1 ug/ml 
/V/O-dcsulfated heparin: Lctnn S. "0.005 ug/ml 0 -o ve rs u I fa ted heparin. 
Binding was performed" for ] h at room temperature. The subsequent 
cross-linking" of bound '-"''l-VEGF ui:i to theTZA- //SEAP fusion protein and 
the visualization of cross-Jinked complexes were done as described un- 
der "Materials, and Methods." 



reaction potentiated the binding of"'--'I-VEGF lfifr to the soluble 
receptor (Fig. 56; lanes 2 and 4). Densitometry analysis shows 
that 10 ng/ml of heparin already produce a 3-fold potentiation 
of IM I-VEGF,„ binding to the soluble receptor (Fig. 5A). A 
maximal 4-fold potentiation of ,zr 'I-VEGF 16a binding was pro- 
duced in the presence of 0.1 pg/nil heparin, and heparin con- 
centrations higher than 10 ug/ml progressively inhibited the 
binding compared with the maximal binding level observed in 
the presence of 0. 1 ug/rnl heparin (Fig. 5A J. Labeled complexes 
were not formed when '-'[-VEGF^- monomers were used in- 
stead of dimers (12) or when the binding of " '"I-VEGF,^, was 
performed using SEAP instead of the flk- f /SEAP fusion protein 
(not shown). The heparin concentrations that begin to produce 
inhibition of 12r, I-VEGF u; ,, binding to the flk-l/SEAP fusion pro- 
tein are higher than the heparin concentrations that are re- 
quired for partial inhibition of 12r, [-VEGF lW binding to" the flk- 
tfc-fms chimeric receptors of transfected NIH-3T3 cells (Fig. -3). 
Thus 1 ug/ml heparin still potentiates strongly ''-""'I-VEGF,,^, 
binding to /Z&-//SEAP, but similar concentrations of heparin 
already inhibit the binding of ,; *I-VEGF lHl . to the flk- l/c-fms 
chimera expressed in transfected NIH-3T3 cells (Fig. 3). 

The potentiating effect of heparin appeared to be specific, 
since identical concentrations of chondroitin sulfate A or chon- 
drnitin sulfate C did not produce any enhancement of '-'H- 
VEGF,^ binding (Fig. nB, lanes 5 and 5, respectively). A similar 
concentration of rat liver-derived heparan sulfate produced a 
2-fold potentiation of '"'fVEGF,,.- binding to flk-l/SEAP, indi- ' 
eating that the potentiating effects was specific to heparin-like 
molecules. High concentrations of heparan sulfate (.100 pg/ml 
or more l inhibited even the basal binding of '- : 'I-VEGF H .- that is 
observed in the absence of added heparin (not shown). The 
overall sulfation level of heparin seemed to be critical for the 
potentiation of r '*I-VEGF hi . binding to fl-k- / /SEAP. VThen N/O- 
desulfated heparin (0.1 ug/ml; total sulfate content. 1%) was 
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Flu. 6. Specificity of l '-'M-VEGF lM binding to the soluble flk-1/ 
SEAP receptor. A , the effect of various growth factors on the binding 
uf ,2!i l:VEGF lfifl to flk - L/SEAP. '^l-VEGF,™ 1 10 ag/ml) was bound to the 
flk-1 /SEAP protein i 100 ng/ml) in the presence of 0.1 ug/ml heparin and 
inthe presence, of the following additions: lanv I. no additions; lane 2. 
unlabeled VEGF l(;:i (0.f> ug/ml); lane 3. aFGF (0.5 ug/ml); lane 4, bFGF 
< 0.5 ug/ml >; lane 5, PDGF (0.5 u^/ml); /n/i.t'fi. EGFf.0.5 ug/ml); lane 7, 
suramin (1 m.\fi. The binding, the subsequent cross- linking of bound 
.'-'I-VEGF,^ to the /7A-//SEAP fusion protein, and the visualization of 
cross-linked complexes were done as described under "Materials- and' 
Methods." 3. modulation uf the i n hi b i Lory effect of bFGF by hepann. 
■ ,af, I-VEGF lBS UO hg/ml) was bound to thtsflk- l/SEAP protein (100 ng/ml.) 
in the absence of heparin {lanes 1 and 2) or in the presence of 0. 1 ug/mi 
heparin (lanes 3 and 4) or I pg/ml hepann [lanes-. 5 and 6'). In addition, 
bFGF ug/ml) was added to some of the binding reactions (/a/ie.v 2, 

4, nnd.fi'). The binding, the subsequent cross-linking of bound '? r, l- 
VEGF t(i , to the flk- //SEAP fusion protein, and the visualisation of cross- 
linked complexes were done as described under "Materials and Meth- 
ods." 

added instead of hepann, no enhancement of , ' 5 I-VEGF 1( - S bind- 
ing could.be observed (Fig. 5. lane 7.1. When O-oversuIfated 
.heparin. was used (5 ng/ml; total sulfate content, 16%'.) (3 l) ; the 
enhancement of l " fl I-V r EGF lri , binding appeared to be more po- 
tent than the enhancement achieved with native heparin and 
was maximal at .5.. ng/ml. of oyersulfated. heparin (compare -Fig, 

5, lanes -8 and 4). A higher concentration of O-oversulfated 
heparin "(0.1 ug/ml) completely inhibited the binding of v: H- 
VEGF lll5 to flk- 1 /SEAP, whereas. native heparin caused a simi- 
lar inhibition, of binding only when 100 ug/ml' were included in 
the binding reaction (not shown). 

77ie. Specificity of Ike. Interaction of the Soluble ' flk- / / 'SEAP 
tuith VEGF — To examine the specificity of the interaction 
between "'- s [ : VEGF IBri and the soluble flk- l/SEAP receptor, 
binding and cross-linking experiments were conducted in the 
presence of 0.1 jjg/ml heparin and various other substances. 
The binding of rjr T-VEGF 1M to the soluble ' flk- l/SEAP receptor 
was completely inhibited by 0.5 ug/ml of unlabeled VEGF 1K - 
. (Fig. 6A. lane 2) and by suramin (Fig. 6A. lane 7), a known 
inhibitor of angiogenesis (32) that inhibits the binding of 
VEG.F tKfi to its receptors on vascular endothelial cells (12). The 
binding of ,25 I-VEGF IHV was not inhibited by 0.5 ug/ml of PDGF 
or by 0!5 ug/ml EGF (Fig. 6A, lanes 5 and 6): in contrast, aFGF 
(0.5 ug/ml) (Fig, 6A, lane 3 J and bFGF (0.5 ug/ml) ('Fig! 6A. lane 
4 and Fig. 6B,.Lane 4) inhibited the binding. Because these two 
factors bind heparin with high affinity, we reasoned that they 
could perhaps bind free heparin during the binding reaction 
(33) and therefore make heparin unavailable to '"^I-VEGF^-, 
resulting in a partial inhibition of l "T-VEGF lfiri binding. This 
assumption was supported by an experiment in which the bind- 
ing to the flk- //SEAP fusion protein was done in the presence of 
increasing concentrations of heparin and 0.5 ug/ml- bFGF (Fig. 
65). The inhibitory effect of bFGF was abolished when the 
binding of ^ r T-VEGF 1K . to flk- l/SEAP was done in the presence 
of 1 ug/ml heparin (Fig. 63, t'ane 6). This experiment indicates 
that. a potent growth factor like bFGF may, under appropriate 
conditions, serve in the role of a growth inhibitor using a 
mechanism involving competition for shared, cell surface modu- 
lators of receptor binding such as heparin-like molecules. 



DISCUSSION 

The flk- 1 gene encodes a tyrosine kinase receptor and was 
isolated from a - cDNA library prepared from" mouse fetal liver- 
derived cells enriched with primitive hematopoietic stem cells 
•(20, 21, 34). The expression of the full-length fl.k-1 cDNA in 
ceils, or the expression of a cDNA encoding a chimeric receptor 
containing the extracellular domain of flk- 1 fused to the trans- 
membrane and intracellular domains of the CSF-l receptor 
(c-frns), results in the expression of high affinity binding sites, 
for ,5JS I-VEGF IHS . The affinity of ! ^VEGF lfi , for these receptors 
was similar to the affinity of VEGF I85 to VEGF receptors of 
vascular endothelial cells. Because the chimeric receptor was 
expressed at higher levels in transfected cells, and because- we 
could show VEGF IIW - induced autophosphorylation of the chi- 
mehc receptors, we have used cells expressing the chimeric 
receptor for further studies. 

The binding of '"M-VEGF,,.,, to the endogenous VEGF recep- 
tors of vascular endothelial cells and to the small number of 
endogenous VTEGF receptors found in N1H-3T3 cells is poten- 
tiated by the addition of 1 ug/ml heparin (15). Unexpectedly, 
both the VEGF,^-induced autophosphorylation of the chimeric 
flk'l/C'fms receptors expressed in the NIH-3T3 clone C4 cells 
and the binding of ''^i-VEGF,^- to these receptors were inhib- 
ited by heparin concentrations equal or larger than 1 ug/ml. 
whereas lower heparin concentrations had no effect. It follows 
that heparin can potentiate the binding of !2r T-VEGF l[i5 to one 
class of VEGF receptors and inhibit the binding of '"M-VEGF,,.. 
to another class of VEGF receptors simultaneously. These ex- 
periments indicate therefore that the effect that heparin will' 
have on the binding of 12r, [-VEGF lGf( to specific VEGF receptors 
depends not only on the heparin binding ability of the growth 
factor, but to some extent also on specific characteristics asso-. 
ciated with specific VEGF receptor types. 

It was recently reported that the Hgand binding ability of 
fibroblast growth factor receptor- 1 is regulated by the direct 
binding of heparin to the receptor (35 J. The effect of heparin on 
'■"I-VEGF,^ binding could also.be in part the result of a direct 
interaction between heparin and a subset of VEGF receptors. 
Alternatively, it is possible that heparin modulates the binding 
of VEGF, ^ to its receptors indirectly through specific cell sur- - 
face hepann-btnding proteins. ''It was reported that vascular 
endothelial cells express, cell surface heparin receptors (36), 
and it was shown that cell surface-bound heparin can potenti- 
ate the binding of '"^I-VEGF,^ to the VEGF receptors of vas- 
cular endothelial cells (15). Taken together, the experiments 
suggest that the. effect of hepann on the interaction of VEGF lti>r) . 
with cell surface VEGF receptors is a complex process that 
needs to be studied using anexperimental setup that will allow 
precise control of the binding environment. 

We have taken a step toward the establishment of. such an 
experimental setup by producing a soluble chimeric VEGF rer 
ceptor, containing the entire extracellular domain of flk-1 fused 
to soluble alkaline phosphatase (25). This- flk-1 '/SEAP fusion- 
protein turned out to be a specific inhibitor of VEGF 1(ifi -induced 
cell proliferation. This soluble receptor could perhaps be used 
in the future as an in uiuo VEGF 1(J5 antagonist. The availabil- 
ity of the fusion protein allowed us to conduct binding experi- 
ments in a precisely regulated cell free environment. The flk- 
//SEAP -soluble receptor did not bind '^[-VEGF lKA efficiently 
in the absence of heparin, but addition of low heparin concen- 
trations (as low as 5 ng/ml) to the binding reaction strongly 
potentiated the binding of ^'[-VEGF,^ to flk- //SEAP. The ef- 
fect .of -heparin on ''^1-VEGF,^ binding could not be mimicked 
by'chondroitin sulfate, but heparan sulfate had a similar ef- 
fect. The sulfation level of the hepann was important for the 
potentiating effect, since desulfated heparin had no activity, 
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whereas oversulfated heparin, potentiated the binding of 
VEGF l66 more efficiently than heparin. These experiments, 
done in a controlled cell Free environment, indicate that hepa- 
rin can directly modulate the binding of l2fi I : V"EGF 165 to flk-l I 
SEAP and that the modulation in this case is probably medi, 
ated exclusively through the interaction of heparin with l25 I- 
VEGF l65t since /Lfe-I/SEAP does not appear to bind to hepann- 
Sepharose. 

In the presence of 1 u.g/ml heparin, the binding of 125 I- 
VEGF 165 io the flk-l Ic-fms receptors on transacted NIH-3T3 
cells is inhibited, whereas the same concentration of heparin 
potentiates the binding of 125 I-VEGF 1S6 to the soluble flk-l I 
SEAP receptor- Since cell surfaces already contain heparin-like 
molecules, it follows that the effect of exogenous heparin on the 
binding of" 1M I-VEGF ia5 to a cell surface located VEGF receptor 
will be superimposed upon the effect, of pre-existing cell surface 
associated heparin-like molecules. In addition,, putative hepa- 
rin binding cell surface receptors may also modulate the bind- 
ing, resulting in complex final effects which are avoided by the 
usage of the soluble flk-l /SEAP receptors. 

The binding of 125 I-VEGF ]65 to the flk-l /SEAP-soluble recep- 
tor could not be inhibited by the growth factors PDGF and EGF " 
(6_3). I n contrast, high concentrations of bFGF and aFGF in- 
hibited the binding of 125 1- VEGF l65 to the soluble flk-l/SEAP 
fusion protein. We found that these growth factors lost their 
ability to inhibit the binding of 12S I-VEGF lS5 to the soluble flk- 
l/SEAP. fusion protein when the binding experiments were con- 
ducted in the presence of high concentrations of heparin. It 
therefore follows that, competition for available cell' surface, 
heparin-like molecules could perhaps function as an indirect 
cross- talk mechanism by which a growth factor 3uch as bFGF 
may modulate the activity of another heparin binding growth 
factor such as VEGF l65 . 

To conclude, our results indicate that heparin affects the 
interaction of VEGF l65 with various VEGF receptors by more 
than one mechanism. We have also shown that heparin can 
modulate the interaction of VEGF l66 with the VEGF binding 
domain of the flk-l. receptor, even when the binding is done in 
an environment that contains only flk-l/SEAP receptors, 
VEGF, and heparin. The results of this study indicate that 
VEGF may play an important role in the maturation process of 
hematopoietic cells, since the flk-l cDNA was originally iso- 
lated from a cell population enriched with primitive hemato- 
poietic stem cells (20). 

Acknowledgments— We thank Dra. Hela Gitay-Goren and Dina Ron 
for critically reading this manuscript and far helpful advice and Dr. Carl 
M. Svahn for the gift of modified heparins. 



REFERENCES 

1. Ferrara, N., Houck, K., Jakeman, L, and Leung, D. W. (1992) Endocr. Rev. 13, 

18-32 

2. Charnock-Jonea, 3. D.. Sharkey, A, M., Raj put- Williams, J., Burch, D., 

Schofield, J. P., Fountain, 3. A., Boocock, C, and Smith, 3. K. (1993) Biol. 
RepnyL 48, U20-U28 . 

3. -Psretz, D„ Gitay-Guren, H., Safran, M., Kimrael, N., Goapodarowia, D.. and 

Neufeld, G. (1992) Biochem. Biophys. Res. Commun. 182, 1340-1347 

4. Gospodarowicz. D-. Abraham, J. A., and Schilling, J- (1989) Proc. Natl. Acad. 

Set. U. S. A. 86, 7311-7315 

5. Plouet, J., Schilling, J., and Goapodarowcz, D. (1989) 'EMB0 J. 8. 3801-3806 

6. Leung, D. W., Cachianea, G., Kunng, W. J„ Goeddel, D. V.. and Ferrara, N. 

(1989) Science 24S, 1306-1309 

7. Tischer, E„ Goapodarowicz, D., Mitchell, R., Silva, M., Schilling, J., Lau, K., 

Cn8p r T., Fiddes, J. C, and Abraham, J. A. (1989) Biochem.- Biophys. Res.> 
Commun. 165, 1198-1206 

8. Keck, P. J.. Mauser, 5. D., Krivi, G., Sanzo, K.. Warren, T., Feder, J., and 

Connolly, D. T. (1989) Science 246, 1309-1312 

9. Ferrara, N., Winer, J.. Burton, T.. Rowland, A_. Siegel, M., Phillips. H. 5., 

Terrell, T.. Keller, G. A., and Levinaon, A. 0. (1993) J. Clin. Invest. 9l[ 
160-170 

10. Kim. K. J.; Li, B.. Winer, J., Annanini, M., Gitlett, N„ Phillips, H. 5.. and 

Ferrara, N. ( 19931 Nature 382, 341-844 

11. Shweiki, D.. Itin, A.,' Soffer, D.. and Keehet, E. (1992) Nature 359, 343-345 

12. r Vaisman, N.. Goapodarowici, D., and Neufeld, G. (1990) J. Biol. Chem. 285, 

19461-19466 

13. Plouet, J., and Moukadiri, H. (1990) J. Biol. Chem. 265, 22071-22074 

14. Olander, J- V., Connolly, D. T., and DeLarco. J. E. (1991) Biochem. Biophys. 

Res. Commun. 17fi, 68—76 

15. Gitay-Goren, H., Soker, S.. Vlodavsky, I., and Neufeld, G. ( 1992) J, Biol. Chem. 

267,6093-6098 

16. GiLay-Goren, H.. Halaban, R„ and Neufeld, G. (1993) Biochem. Biophys. Res. 

Commun. 190, 702-709 

17. Shibuya. M., Yamaguchi, 3., Yamane, A., Ikeda, T., Tojo, A., Matauahime, H., 

and Sato, M. (1990) Oncogene 5, 519-624 

18. Devriea, C, HUcobedo, J. A.,'Ueno, H., Houck; K_. Ferrara, N., and Williams, L. 

T. (1992) Science 265, 989-991 

19. Ullrich, A., and Schleaainger, J. (1990) Cell 81, 203-212 , 

20. Matthews, W„ Jordan. C. T., Gavin, M. t Jenkina, N. A., Copeland, N. G., and 

Lemiachka, 1. R. (1991) Proc. Natl. Acad. Sci. U. S. A. 88, 9026-9030 

21. Jordan. C. T.. Mckeam, J. P., and Leroiachka, I. R. (1990} Cell 81, 963-963 

22. Termaa, B. I., Dougher-Vermazen, M„ Carrion, M. E.', Dimitrov, D., ArmeJIino, 

D. C, Goepodarowicz, D.. and Bahlen, R (1992) Biochem. Biophys. Res. 
Commun. 187, 1579-1586 
.23. Millauer, B., Wirigmannvooa, S., Schnurch, H.. Martinez, R.. Moller, N. P. H.„ 
Riaau. W., and Ullrich, A. (1993) Celt 72, 835-846 . - 

24. Cohen, T-; Gitay^Goren. H., Neufeld, and Levi, B.-Z. (1992) Growth Factors. 
. .7, 131-138 

25. Omiti, D. M. t Yayon, A., Flanagan, J. G., Svahn, C. M„ Levi, E., and Leder, P. 

(1992) Wo/. Cell. Biol. 12„ 240-247 

26. Rousael, M. F. Tranay, C, Keta, J.-A., Reinherz, E. L.. and Sherr, C. J. (1990) , 

Mol. Celt BioL 10, 2407-2412 . 

27. Neufeld, G.. and Go a pod a raw \cz. D. (1986) J. Celt. Physiol: 136, 537-542 

28. Neufeld, G.. Mitchell. R., Ponte, P.. and Goapodarowici, D. (1988) J. Cell Biol. 

106, 1385-1394 

29. Munaon. P. J., and Rodbard,"D.-(1980) Anal. Biochem. 107, 220-239 

30. Yanagiahita, M.. and Hascall, V. C. (1992) J. Biol. Chem. 287, 9451-9454 
3L Isha t -Michaeli. R., Svahn, C. M., Weber. M. ( Chajek-Shaui, T.. Komer, G., 

Ekre, H.-R. and Vlodavaky, I. (1992) Biochemistry 31, 2080-2088 

32. Wilka, J. W„ Scott, P. 5.. Vrba, L. K., and Cocuzia, J. M. (1991) Int. J. Radiat 

Biol. 60, 73-77 

33. Gospodarowicz, D,, Ferrara, N., Schweigerer, L.. and Neufeld, G. (1987) En- 

docr. Rev. 8, 95-114 

34. Matthews, W.. Jordan, C T., Weigand, G. W., Pardoll, D., and Lemiachka, I. R. . 
- (1991) Ceil 65, 1143- 1162 

35. Kan, M. K_, Wang, F. ( Xu. J. M.. Crabb. J. W., Hou, J. Z.. and McKeehan, W. L. 

(1993) Science 259, 1918-1921 

36: Barzu, X. Molho, P., Tbbeiem, G.. Petitou, M., and Caen, J. (1985) Biochim. 
Biophys. Acta S45, 196-203 



AUSTRALIA 



Patents Act 1990 

IN THE MATTER OF Australian . Patent. 
Application Serial No. 696764 by Human 
Genome Sciences, Inc. 

-and- 

IN THE MATTER OF Opposition thereto by 
> Ludwig Institute for Cancer Research 

THIS IS- Exhibit PA WR-8 ' * : 

referred to in the Statutory Declaration - - _ . 1 \- : 
of Peter Adrian Walton Rogers 
made before me 

DATED this )2 ^ Day of November, 2001 




(Signature of Witness) 



